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Abstract 
The aim of the presented study was the heat treatment response of the pore structure of the aluminosilicate materials (bentonite, 
kaolin and zeolite) and the resulted characteristics of the metaproducts, presented as the geopolymer raw materials. The treatment 
of the studied clays at 650 °C during 4 hours caused a high pore structure response represented by the occurrence of the creation 
of a new pore area on the pore size distribution histograms beginning over 2000 nm pore radius. Its size was strongly dependent 
on the clay species. The found relation between compressive strength of the related geopolymers and the histograms area size the 
assumption entitles to valuate that response of the pore structure of the clays to the heat treatment as a factor significantly 
conditioning the effectivity of the alkali activation and the process of the geopolymer synthesis. 
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1. Introduction 
The inorganic binders based on the alkali activation of reactive aluminosilicates as geopolymer cements are 
known. As geopolymer cements raw materials, the solid aluminosilicate industrial wastes and thermally treated 
clays are used [1,2]. The thermal treatment of clays results in the dehydration and dehydroxilation in the temperature 
range between 500–800 °C, depending on the type of the clay mineral [3]. The reactivity of the raw material is based 
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on the content of the metastable, nearly amorphous aluminosilicate phases able to dissolute in alkaline solutions [4–
6]. 
A further significant factor conditioning the reactivity of the amorphous aluminosilicate phase, among others, is 
its pore structure. Its significance is based on the fact that it determines the possibility of the transport and the 
contact conditions of the alkali solution with the activated material. Therefore, the pore structure represents a factor 
directly conditioning the intensity of the alkali activation process and the development of the engineering properties 
of the resulted geopolymer [7,8]. However, there are only few published works concerning the effects of thermal 
treatment on the pore structure [9]. This fact was the motivation for the presented study. 
2. Experimental 
2.1. Test specimen’s preparation and their testing 
The objects of the study were bentonite, kaolin and zeolite and their product of the heating at 650 °C during 4 
hours. The subjected clays were naturally mined and dry grinded to the maximal particle size 90 mȝ. The grinding 
produces important changes in powdered material and influences its behavior in further processing steps [10]. The 
metaproducts obtained for the pressure compacted and reference test specimens 20 mm-edge cubes were used. Their 
preparation conditions were as it follows:  
x Pressure compacted paste – alkali activator solution/metaproduct ratio (l/s) 0.08, pressure compaction at the 
application of the uniaxial pressure of 300 MPa with the endurance of 1 min at the fresh mixture, directly after its 
preparation. 
x Reference paste - alkali activator solution/metaproduct ratio (l/s) 0.7, the current hand compaction, as an alkali 
activator the sodium hydroxide was used; its portion corresponded to 7 wt. % of the metaproduct weight.
The preparation of the pastes represented an intensive mixing of the mixture for 2 min using electrical mixer. The 
test specimens hardened 24 hours in the forms at the temperature 20 °C and 95% relative humidity. After the 
demolding their testing followed. 
2.2. Tested properties and test methods used 
The test specimens used for the testing were dried at 105 °C. The following properties were tested and these test 
methods were used: 
Compressive strength - destructive test under the use of a loading press.  
Chemical composition – current chemical analytic procedures were used. 
Phase composition: 
x Thermal analysis - Thermal analysis METTLER TOLEDO, TGA/DSC 1, STAREe System was used. The sample 
mass 45 mg, heating rate 10 °C/min, ramping from ambient temperature to 1000 °C in an air atmosphere were the 
conditions of the test. 
x X-ray analysis - STOE Powder Diffraction System (STADI P) using Co KĮ radiation, operating at 40 kV and 30 
mA was used. Data were collected over 2ș between 5 and 40. Assignment of lines was made by comparison with 
JCPDS (Joint Committee on Powder Diffraction Standards) files. 
x Pore structure – used equipment was Pore Master 60 (Quantachrome, UK) automated mercury porosimeter under 
the use of the wetting contact angle 141.3° and mercury surface tension 0.48 N·m-1. The porosimeter generates 
pressure to 414 MPa enabling the pore size analysis from 3.6 nm to 950 000 nm. Particles morphology – 
scanning electron microscope JEOL 6400 type enabling 30 Angstroms resolution was used. 
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3. Results and discussion 
3.1. Chemical composition 
The data on the materials chemical composition are given in Table 1. As it can be seen the consequences of the 
heating was the increase in the content of SiO2 and Al2O3 due to the minimizing the ignition loss content. That 
increase seems to be interesting effect because the SiO2/Al2O3 molar ratio is considered for a main synthesis 
parameter among alkali content, Na2O/Al2O3 molar ratio, water to aluminosilicate ratio, curing time and curing 
temperature [11]. 
The used metaproducts accounted SiO2/Al2O3 molar ratios between 2.23 to 11.10. It anticipates the different 
reactivity of the individual metaproducts under the alkali-activation and consequently the different properties of the 
geopolymers. The known significance of SiO2/Al2O3 molar ratio is based on the fact that a high silicate dosage is 
necessary for synthesizing aluminosilicate gel that provides good interparticle bonding and physical strength of 
geopolymers.
Table 1. Characteristics of the materials used. 
3.2. XRD analysis and scanning electronic microscopy 
Kaolin 
X-ray analysis of kaolin shows sharp, narrow peaks and in other cases, bad-defined broad peaks. Depending on 
the mineral composition and its degree of ordering of the kaolinite, illite and shapeless particles of quartz [12]. 
Beginning from 600 °C the kaolinite diffraction peaks almost disappear and the kaolinite transforms to amorphous 
state [13]. The obtained XRD patterns of kaolin and metakaolin, illustrated in Fig. 1, confirmed the induced data. It 
was found the presence of kaolinite and illite in the starting material. On the other hand, at the metakaolin the 
extension of the kaolinite diffraction lines and the presence of illite as a persisted phase. The kaolinites show 
hexagonal or slightly rounded platelets, micropits, microislands, individual crystallites and broken edges [15,16]. 
The SEM images of the studied materials are shown in Fig. 2. It can be seen in the kaolin SEM image the 
occurrence of the foliaceouis aggregates - card house or booklets and vermicular stacks - representing kaolinite 
phase [14]. Metakaolin SEM images represent the occurrence of the irregular particles, evidently the amorphous 
aluminosilicate phase as a product of the destruction of the kaolinite under the heat treatment of the kaolin. 
 
 
 
    
Material Ignition 
loss (%) 
Composition (%) Specific 
weight   
(kg·m-3) 
SiO2/Al2O3 
ratio 
SiO2 
Al2O3 
(%) SiO2 Al2O3 CaO Fe2O3 MgO 
Kaolin Original 12.20 48.06 36.76 0.33 1.42 0.24 2468 84.82  
Thermally treated   1.95 53.68 42.00 0.21 1.70 0.10 2496 95.68 2.23 
Bentonite  Original 6.19 71.10 9.94 3.46 2.33 1.65 2184 81.04  
Thermally treated 1.98 76.56 11.74 3.62 3.62 1.51 2349 88.31 11.10 
Zeolite Original 11.42 65.02 11.57 5.14 1.94 0.88 2307 76.59  
Thermally treated 6.9 69.63 12.63 4.94 1.77 1.14 2451 82.26 9.66 
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kaolin metakaolin 
Fig. 1. XRD patterns of kaolin and metakaolin K- kaolinit, I-illite, 
Q-quartz. 
Fig. 2. SEM images of kaolin and metakaolin. 
Bentonite 
XRD analysis showed the presence of the heulandite in the bentonite beds. Heulandite structure is almost 
identical with that of clinoptiolite. The high temperature studies diffraction studies show that at about 230 °C, 
heulandite transforms into "heulandite B" and at 350 °C becomes amorphous [15]. 
The obtained XRD patterns, shown in Fig. 3, documented the presence of cristobalite and heulandite in the 
starting material. The consequence of the heat treatment was the extinction of the diffraction lines of heulandite. 
Only the quartz persisted as a crystalline matter. Heulandite, hydrated sodium and calcium aluminosilicate mineral 
in the zeolite family forms coffin-shape crystals. 
 
bentonite metabentonite 
Fig. 3. XRD patters of bentonite and metabentinite H-heulandite, 
Qr-cristobalite. 
Fig. 4. SEM images of bentonite and metabentonite. 
The obtained SEM images in Fig. 4 are presented. The morphological difference between the bentonite and its 
metaproduct is very obvious. The dense texture of bentonite is formed by the irregular platy and rod-like particles of 
the starting material opposite to the teeny particles forming a porous texture of metabentonite. Evidently, the 
amorphous aluminosilicate product. 
Zeolite 
The XRD analysis revealed a very complicated structure of the natural parent zeolite, consisting of clinoptilolite 
(more than 80%), but also of a high silica content. The XRD pattern obtained shown the clinoptilolite as the main 
phase in the starting zeolite, but after the heat treatment it was only quartz (Fig. 5). SEM images of zeolite 
demonstrated that the clinoptilolite as a lameral texture material [16]. 
The SEM images indicated the interesting phenomenon, i.e. pseudomorphism: a phase transformation in another 
phase of different crystal structure or composition without any changes in the external form of the original phase. 
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Fig. 6 demonstrates SEM images of zeolite and its metaproduct. The zeolite SEM image is characterized be the 
occurrence of the aggregates of plates or bars characteristic for clinoptilolite. Nearly a morphological identity of the 
texture formatted by the particles with the different shape and size. It was evidently caused by effect of the 
phenomenon of the pseudomorphism. A direct consequence of the pseudomorphism was evidently a found small 
difference in pore size distribution hysteresis areas between zeolite and its metaproduct (Fig. 14, 15). 
 
zeolite metazeolite 
Fig. 5. XRD patterns of zeolite and metazeolite: C – 
clinoptiolite, Q – quartz. 
Fig. 6. SEM images of zeolite and metazeolite. 
 
3.3. Thermal analysis 
The products of the heat treatment of clays are amorphous aluminosilicates produced on the driving of water 
from clay minerals and the collapsing the material structure [17]. The major quantitative criterion for evaluating the 
performance of clays by thermal treatment is a degree of the dihydroxylation.  
Very different dehydroxylation degree values of the studied materials can be observed in Table 1. Undoubtedly, 
it is a consequence of the different minerals occurring in the individual clays. As it can be seen also that the 
dehydroxylation degree did not reach the value 100%. Evidently, the higher calcination temperature, as the used 
650 °C, could be able to accomplish the total dehydroxylation and the degree 100%. 
Changes of the composition of the studied clays by the thermal treatment are conclusively manifested in thermal 
analysis results. The comparison of DTA grams of the starting materials and their metaproducts (Fig. 7–9) show the 
extinction of the first endothermic peaks occurring between 56 – 88 °C evocated by the dehydration. Then, it could 
be observed the process of the dehydroxylation. 
 
     
        Fig. 7. DTA kaolin and metakaolin.                 Fig. 8. DTA bentonite and metabentonite.               Fig. 9. DTA zeolite and metazeolite. 
This was clear notable at kaolin represented with the extinction of the endothermic peak at 528 °C and by the 
occurrence of the flat area on the DTA grams of the metaproducts. The effect of the dehydroxilation of the further 
studied materials is less observable. At the bentonite it was the minimization of the broad endothermic peak 
occurring between 625 – 669 °C, appearing as a weaker variation of it on the DTA gram of the metaproduct. An 
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analogical situation could observe at zeolite when the DTA curve of the metaproduct practically duplicates that of 
the starting zeolite. 
In Table 2 the results of TGA are shown. It can be seen again a good correlation between the extent of the 
ignition loss in the interval 250 to 750 °C, indicating the dehydroxilation process extension and their 
dehydroxilation degree. The different DTA and TGA results show the dependence on the mineral species diversity 
and mineral quantity present. 
Table 2. TGA results of starting materials and their metaproducts. 
Material Ignition loss in the temperature intervals (%) 
20–150 °C 150–250 °C 250–750 °C 750–1000 °C 
Kaolin 0.72 0.24 12.61  
Metakaolin 0.27 2.80 3.02 0.67 
Bentonite 1.15 3.24 0.87 0.31 
Metabentonite 0.63 0.38 0.29 0.79 
Zeolite  3.11 7.60 2.47 
Metazeolite 1.44  6.56 1.55 
3.4. Specific weight 
As it can be seen in Table 1 the effect of the heat treatment was the specific weight increase indicating the 
increase of the compactness of the metaproducts. This effect was pronounced at bentonite and zeolite, and very 
weakly at kaolin. Apparently the effect of the increase of the compactness under the calcinations is not uniform and 
evidently dependents on the clay mineral present. 
3.5. Pore structure analysis results 
Pore structure of clays is their important characteristic and undoubtedly due to the thermal treatment the induced 
changes. Pure clay minerals have a multiscale pore structure at different dimensions [2]. A suitable research method 
even for the study of pore structure of the clays and their metaproducts is mercury intrusion porosimetry. 
Its results are given in Table 3. These show the significant changes of the pore structure parameters induced by 
heat treatment. The adequate changes can be contemplated as total porosity, micropore and total pore volume 
increase. The most pronounced effect at kaolin, weakest at zeolite is evident. That very well corresponds with the 
DTA and TG results. The heat treatment effect on the pore structure of clays can be appreciated as a manifold and 
very pronounced. 
Table 3. Pore structure parameters of the starting clays and their metaproducts and compressive strength of pressure compacted geopolymers. 
Material Material sort Total 
porosity 
(%) 
Macropore 
median  
(nm) 
Macro pore 
portion   
(%) 
Specific 
surface area 
(m2/g) 
PSDH area 
(mm2) 
PSHD ratio Compressive 
strength 
(MPa) 
Bentonite Original 54.99 496 35.5 33.7 5128   
Thermally treated 61.0 385 30.0 69.3 9333 1.82 111.5 
Kaolin Original 17.8 423 0.51 11.5 875   
Thermally treated 58.0 71450 74.2 15.2 3404 3.89 146.6 
Zeolit Original 46.0 579 35.6 32.8 6425   
Thermally treated 46.0 579 36.0 21.2 6682 1.04 37.5 
Compressive strength after 1 day of the hardening, PSDH - pore size distribution histogram, PSDH ratio - PSDH area of the thermally treated 
material/ PSDH area of the starting material. 
 
An attractive vision of the heat treatment effect of the clays studied accommodated the pore size distribution 
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histograms represented in Fig. 10–12. As a significant consequence can be seen the creation of an area between pore 
radius 2000–50000 nm. After the comparison of the histograms is evident that the size of the new areas differs 
significantly. Evidently, as a consequence of the diverse mineral composition of the starting materials and the 
metaproducts. The creation of the new pore size domain and by himself conditioned increased openness and 
possible contributes to the more widespread and easier penetration of the alkali activator solution in the pore 
structure. And the effectivity of the activation. As it is represented by the relationship between the PSDH ratio 
values of the geopolymers and their compresssive strength observable in Table 3. The increase of the compressive 
strength dependence on the increasing PSDH ratio values, or on the openness rank of the metaproducts pore 
structure, is clearly evident. 
 
Fig. 10. Pore size distribution histogram of bentonite and metabentonite. 
 
Fig. 11. Pore size distribution histogram of kaolin and metakaolin. 
4. Conclusion 
These effects at the isothermal heat treatment of kaolin, bentonite and zeolite have been found: 
x Due to the induced ignition loss for the geopolymer synthesis significant SiO2 and Al2O3 content increase. 
x Destruction of the clay minerals structure under the production of the amorphous aluminosilicate products, shown 
by XRD analysis, thermal analysis and by SEM. A nearly identical SEM images appearance found at zeolite and 
its metaproduct suggest the demonstration of the pseudomorphism phenomenon. The causes of this the 
phenomenon generation and its significance for the geopolymer synthesis and geopolymer properties are worthy 
for the detailed research. 
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x Creation of a new pore domain over pore radius 2000 nm, observable on the pore size distribution histograms. It 
seems to be important factor conditioning the alkali activation effectivity and the compressive strength level of 
the resulted geopolymer. 
 
Fig. 12. Pore size distribution histogram of zeolite and metazeolite. 
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